The stability of receptors at synapses is generally addressed using biochemical or optical techniques, but Glutamate receptors are concentrated in the postsynthese approaches are difficult to implement given the aptic complex of central synapses. 
Because we used saturating NMDA concentrations, coapplication of agonist and MK-801 should irreversibly We used paired-pulse stimuli to activate excitatory synapses because this protocol facilitated rapid block block all synaptic and extrasynaptic NMDA receptors. As expected, NMDA receptor-mediated EPSCs showed of the EPSC. The amplitude of the AMPA component was not affected by MK-801 at this concentration (data no recovery (Ϫ1.39% Ϯ 2.3%, n ϭ 4), even 30 min after MK-801 removal ( Figure 1C ). In contrast, when synaptic not shown; see also Rosenmund et al., 1993) . The stability of the AMPA component provides an independent receptors were selectively blocked (5-10 stimuli; 5-10 M MK-801), there was a consistent and significant recontrol for changes in release probability or presynaptic rundown during the course of an experiment. The amplicovery that reached 25%-40% of control amplitudes. To facilitate comparisons, we quantified the initial EPSC tude of the NMDA component could be selectively measured after the decay of the AMPA component (Figure recovery at 50 stimuli (6.6 min) following removal of MK-801 (10.17% Ϯ 2.86%, n ϭ 7, Figures 1D and 2C) . In 1B). NMDA receptors were blocked in two distinct ways. By whole-cell coapplication of NMDA and MK-801, we experiments where we were able to record stable responses for long periods of time following MK-801 reshould block all receptors in the membrane. Alternatively, by applying MK-801 during synaptic stimulation, moval, the maximum extent of recovery did not exceed ‫%04ف‬ of the control amplitude. we should selectively block synaptic receptors ( Figures  1C and 1D, following complete recovery of the EPSC. We used the n ϭ 24). This difference was not statistically significant. agonist-evoked unblocking protocol (see Figure 3C ) to Ketamine block of the EPSC occurred in a progressive look for ketamine-tagged receptors following recovery manner, as expected of an open-channel blocker. As of the EPSC. The agonist-evoked current increased in shown in Figure 3B , the additional block that occurred a use-dependent way after several agonist applications after more than 10 stimuli in ketamine was quite small. at depolarized potentials, revealing the presence of ketFor all these experiments, stimulus pairs were delivered amine-tagged NMDA receptors ( Figure 4B ). Because at 0.125 Hz. recovery of the EPSC was complete, these unblocked We determined the fraction of ketamine-bound receptors now must be in the extrasynaptic pool. How-("tagged") receptors in the membrane that were blocked ever, they must have been synaptic at some point during as a function of stimulus number by comparing the peak the experiment because they were blocked by ketamine. agonist-evoked current before and after unblock of ketaFor six neurons, 20.0% Ϯ 4.3% of the receptors on the mine (Figures 3C and 3D) . If receptors are fixed, there cell were ketamine-tagged, even after complete recovshould be an exact correspondence between the exery of the EPSC. This represents the minimum fraction tents of block of the EPSC and the agonist-evoked curthat moved out of the synapse. The same protocol rent. To accelerate ketamine unblock of NMDA recep-(EPSC stimulation followed by depolarization during tors following block of the EPSC, we used a series of NMDA application) in the absence of ketamine had no depolarizing steps (ϩ60 mV) in the presence of NMDA. effect (2.0% Ϯ 3.1%, n ϭ 5, Figure 4C ). Thus, a comparaBecause ketamine unblock is use dependent, the agoble number of NMDA receptors were moving into and nist-evoked current after several depolarizations was out of the synapse over several minutes. larger than the first agonist-evoked current (compare The detection of ketamine-tagged receptors in the "1st NMDA app." and "5th NMDA app.," Figure 3C) . extrasynaptic pool also provides further evidence Preliminary experiments indicated that the increase in against an alternative hypothesis that recovery of the current was maximal after four applications; thus, a total synaptic response following MK-801 blockade (see Figof five applications were used in the experiments shown. ure 1D) could be due to the slow "awakening" of silent The difference in amplitude between the initial peak or dormant synapses. The latter hypothesis predicts that inward current in response to the fifth application (5th recovery following MK-801 block is not due to move-NMDA app.) and that of the first application (1st NMDA ment of receptors but rather a slow reequilibration beapp.) represents the fraction of receptors on the cell tween dormant and active synapses. However, recovery tagged by ketamine. While there was only a small after removal of ketamine ( Figure 4A ) was complete and change in the amount of EPSC blocked between 10 and much faster than the recovery following MK-801. Fur-30 stimuli (Figure 3B ), the fraction of receptors tagged thermore, the receptors are stationary in the dormant by ketamine was much larger after 30 synaptic stimuli synapse hypothesis, thus full recovery after ketamine (37.5% Ϯ 4.6% of receptors in the membrane, n ϭ 8)
should mean that either dormant synapses awoke (they would not contain ketamine) or synapses became uncompared to the fraction that was tagged after 10 stimuli 
blocked (they also would not contain ketamine). How-

Comparison of Fixed and Mobile
Receptor Populations ever, the detection of ketamine-tagged receptors (Figures 4B and 4C) is only possible if some of the synaptic NMDA receptors at synapses preferentially contain the NR2A subunit, whereas extrasynaptic receptors are receptors that contributed to the initial EPSC remained blocked by ketamine, but had moved out of the synaptic largely composed of NR1/NR2B diheteromers (Tovar and Westbrook, 1999). We considered whether these pool following full recovery. Figure 5 . Selective fraction was composed of NR1/NR2B, the recovered tagging of the synaptic receptor complement ("synaptic EPSC after MK-801 block should be more sensitive to block A") led to an accumulation of blocked receptors the NR1/NR2B-specific antagonist ifenprodil (Williams, with repeated stimuli, some of which moved to extrasyn-1993). Additionally, the EPSC deactivation of the recovaptic regions, out of range of synaptically released glutaered fraction should be slower because NR2A accelermate ("synaptic block B"). Upon washout of the blocker ates the EPSC deactivation (Vicini et al., 1998). However, ("synaptic unblock"), the newly extrasynaptic receptors the sensitivity of EPSCs to ifenprodil (3 M) was not could only be unblocked if the cell was bathed in agonist different before (43.5% Ϯ 3.4% of control) and after ("agonist-evoked unblock") or a receptor moved back (40.9% Ϯ 4.1% of control) block by MK-801 (10-30 epiinto range of synaptically released glutamate. However, sodes, n ϭ 6). Likewise, the deactivation time constants recovery of synaptic receptors from MK-801 block was before MK-801 ( f ϭ 39.7 Ϯ 2.2 ms, s ϭ 267.7 Ϯ 11.6 less than complete, suggesting that there is a limited ms; n ϭ 14) and after MK-801 ( f ϭ 36.0 Ϯ 2.7 ms, s ϭ reserve of NMDA receptors that can be recruited to the 239.2 Ϯ 9.4 ms) as well as the ratio of fast and slow synapse, at least under the conditions and time frame components (1.22 Ϯ 0.13 before MK-801; 1.05 Ϯ 0.17 of our experiments. Most importantly, our data indicates after MK-801) were similar. This indicates that mobility that the synaptic complement of NMDA receptors is is not limited to extrasynaptic NR1/NR2B receptors. more dynamic than previously realized. Cycling of AMPA We also considered whether synaptic NMDA recepreceptors has demonstrated that endocytosis and exotors were organized as a central fixed population surcytosis may provide a mechanism for altering synaptic rounded by an annulus of mobile receptors. We reastrength. The lateral movement of NMDA receptors besoned that if the mobile fraction was farther from the tween synaptic and extrasynaptic domains provides an release site, these receptors would be exposed to lower alternate mechanism for altering synaptic strength on glutamate concentrations. Thus, a low-affinity antagothe time course of minutes. nist should preferentially block the mobile fraction (see Clements et al., 1992) suggests that basal release probability is stable over intervals of 1-2 hr at individual hippocampal synapses synaptic NMDA receptors, then after 0.5 hr (the average time of our experiments) only Յ2% of the receptors in culture (Hopf et al., 2002) . Thus, the conclusion most consistent with our data is that a substantial fraction of will be exchanged. Thus, if receptor insertion occurred during the time course of our experiments, it did not the surface NMDA receptors are in dynamic motion. It will be important to determine whether our functional contribute greatly to the EPSC recovery. In addition, the experiments with the low-affinity blocker, ketamine, definition of synaptic receptors as those within range of synaptically released glutamate corresponds to morprovide strong evidence for bidirectional exchange of surface receptors between synaptic and extrasynaptic phologically defined clusters of receptors. membrane. 
Our evidence is also inconsistent with rapid formation
Organization of the Postsynaptic Density
Compared to extrasynaptic NMDA receptors, synaptic receptors are enriched in the NR2A subunit (Tovar and Westbrook, 1999). While it might seem reasonable that extrasynaptic receptors are more mobile, our data do not provide direct evidence for that idea. Rather the experiments indicate that at least a portion of receptors that at any time can be classified as "extrasynaptic" or "synaptic" can also become mobile. It remains possible that the mobility of synaptic and extrasynaptic receptors are differentially regulated. However, our experiments did not address this question. NMDA receptor subunits can remain tightly associated with the biochemically purified PSD (see Kennedy, 1997) . This implies that NMDA receptors are bound within the postsynaptic complex and thus are relatively stimulation, the ratio of the current after ketamine/AP5 (ten stimuli) to the current before was 1.2 Ϯ 0.02, n ϭ 3. Thus, ketamine action in this case was independent of other blocking mechanisms (Orser Whole-Cell Recording and Solutions Whole-cell voltage clamp recordings were performed on mouse et al., 1997). Unbinding of ketamine during the initial agonist application segment at Ϫ70 mV (as in Figures 3C and 3D and Figure 4B ) hippocampal neurons in culture for at least 6 days. All recordings were done at room temperature. Neurons were perfused with extracontributed little to the estimate of ketamine-blocked channels. Following complete block by ketamine, the recovery of the whole-cell cellular solution containing (in mM): 168 NaCl, 2.4 KCl, 10 HEPES, 10 D-glucose, 1.3-2.6 CaCl 2 , 0.02 glycine, and 0.01 bicuculline methcurrent at Ϫ70 mV during an agonist application (measured as per Figures 3C and 3D ) was Յ5% of control amplitude (data not shown). iodide with no added magnesium (pH 7.4; 325 mmol/kg). AMPA receptor antagonists were not regularly used unless specified. ReAll recordings were done on neurons between 6-9 days in culture. Data are reported as mean Ϯ SE and were compared using paired cording electrodes were pulled from borosilicate glass (TW150F-6; World Precision Instruments) and had resistances between 1 and t tests, with significance set at p Ͻ 0.05.
